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POLARIZATION-MODULATING ELEMENT,
ILLUMINATION OPTICAL APPARATUS,
EXPOSURE APPARATUS, AND EXPOSURE
METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is a Continuation of application Ser. No. 12/461,801
filed Aug. 25, 2009, which is Continuation of application Ser.
No. 11/347,421 filed Feb. 6, 2006, which is a Continuation-
In-Part of Application No. PCT/JP2005/000407 filed on Jan.
14, 2005. The disclosures of the prior applications are hereby
incorporated herein by reference in their entireties.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a polarization-modulating
element, illumination optical apparatus, exposure apparatus,
and exposure method and, more particularly, to an exposure
apparatus for production of microdevices such as semicon-
ductor elements, image pickup elements, liquid crystal dis-
play elements, and thin-film magnetic heads by lithography.

2. Related Background Art

In the typical exposure apparatus of this type, a beam
emitted from a light source travels through a fly’s eye lens as
an optical integrator to form a secondary light source as a
substantial surface illuminant consisting of a number of light
sources. Beams from the secondary light source (generally,
an illumination pupil distribution formed on or near an illu-
mination pupil of the illumination optical apparatus) are lim-
ited through an aperture stop disposed near the rear focal
plane of the fly’s eye lens and then enter a condenser lens.

The beams condensed by the condenser lens superposedly
illuminate a mask on which a predetermined pattern is
formed. The light passing through the pattern of the mask is
focused on a wafer through a projection optical system. In this
manner, the mask pattern is projected for exposure (or tran-
scribed) onto the wafer. The pattern formed on the mask is a
highly integrated pattern, and, in order to accurately tran-
scribe this fine pattern onto the wafer, it is indispensable to
obtain a uniform illuminance distribution on the wafer.

For example, Japanese Patent No. 3246615 owned by the
same Applicant of the present application discloses the fol-
lowing technology for realizing the illumination condition
suitable for faithful transcription of the fine pattern in arbi-
trary directions: the secondary light source is formed in an
annular shape on the rear focal plane of the fly’s eye lens and
the beams passing the secondary light source of the annular
shape are set to be in a linearly polarized state with a direction
of polarization along the circumferential direction thereof
(hereinafter referred to as a “azimuthal polarization state”).

SUMMARY OF THE INVENTION

An object of the embodiment is to transform incident light
in a linearly polarized state having a direction of polarization
virtually along a single direction, into light in a azimuthal
polarization state having a direction of polarization virtually
along a circumferential direction, while suppressing the loss
of light quantity.

Another object of the embodiment is to form an illumina-
tion pupil distribution of an annular shape in a azimuthal
polarization state while well suppressing the loss of light
quantity, using a polarization-modulating element capable of
transforming incident light in a linearly polarized state having
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a direction of polarization virtually along a single direction,
into light in a azimuthal polarization state having a direction
of polarization virtually along a circumferential direction.

Another object of the embodiment is to transcribe a fine
pattern under an appropriate illumination condition faithfully
and with high throughput, using an illumination optical appa-
ratus capable of forming an illumination pupil distribution of
an annular shape in a azimuthal polarization state while well
suppressing the loss of light quantity.

In order to achieve the above objects, a first aspect of the
embodiment is to provide a polarization-modulating element
for modulating a polarization state of incident light into a
predetermined polarization state,

the polarization-modulating element being made of an

optical material with optical activity and having a cir-
cumferentially varying thickness profile.

A second aspect of the embodiment is to provide an illu-
mination optical apparatus comprising a light source for sup-
plying illumination light, and the polarization-modulating
element of the first aspect disposed in an optical path between
the light source and a surface to be illuminated.

A third aspect of the embodiment is to provide an illumi-
nation optical apparatus for illuminating a surface to be illu-
minated, based on illumination light supplied from a light
source,

the illumination optical apparatus satisfying the following

relations:

RSP, (Ave)>70%, and RSP, (Ave)>70%,

where RSP, (Ave) is an average specific polarization rate
about polarization in a first direction in a predetermined effec-
tive light source region in a light intensity distribution formed
in an illumination pupil plane of the illumination optical
apparatus or in a plane conjugate with the illumination pupil
plane, and RSP (Ave) is an average specific polarization rate
about polarization in a second direction in the predetermined
effective light source region.

The average specific polarization rates above are defined as
follows:

RSP, (Ave)=Ix(Ave)/(Ix+ly)Ave

RSP (Ave)=Iy(Ave)/(Ix+Iy)Ave.

In the above equations, Ix(Ave) represents an average inten-
sity of a polarization component in the first direction in a
bundle of rays passing through the predetermined effective
light source region and arriving at a point on an image plane,
Iy(Ave) an average intensity of a polarization component in
the second direction in a bundle of rays passing through the
predetermined effective light source region and arriving at a
point on the image plane, and (Ix+Iy)Ave an average intensity
of'an entire beam passing through the predetermined effective
light source region. The illumination pupil plane of the illu-
mination optical apparatus can be defined as a plane in the
optical relation of Fourier transform with the surface to be
illuminated and, where the illumination optical apparatus is
combined with a projection optical system, it can be defined
as a plane in the illumination optical apparatus optically con-
jugate with an aperture stop of the projection optical system.
The plane conjugate with the illumination pupil plane of the
illumination optical apparatus is not limited to a plane in the
illumination optical apparatus, but, for example, in a case
where the illumination optical apparatus is combined with a
projection optical system, it may be a plane in the projection
optical system, or may be a plane in a polarization measuring
device for measuring a polarization state in the illumination
optical apparatus (or in the projection exposure apparatus).
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A fourth aspect of the embodiment is to provide an expo-
sure apparatus comprising the illumination optical apparatus
of'the second aspect or the third aspect, the exposure appara-
tus projecting a pattern onto a photosensitive substrate
through the illumination optical apparatus.

A fifth aspect of the embodiment is to provide an exposure
method of projecting a pattern onto a photosensitive sub-
strate, using the illumination optical apparatus of the second
aspect or the third aspect.

A sixth aspect of the embodiment is to provide a production
method of a polarization-modulating element for modulating
a polarization state of incident light into a predetermined
polarization state, comprising:

a step of preparing an optical material with optical activity;

and

a step of providing the optical material with a circumfer-

entially varying thickness profile.

The polarization-modulating element of the embodiment
is made of the optical material with optical activity, for
example, like crystalline quartz, and has the circumferentially
varying thickness profile. The thickness profile herein is set,
for example, so that light in a linearly polarized state having
a direction of polarization virtually along a single direction is
transformed into light in a azimuthal polarization state having
a direction of polarization virtually along the circumferential
direction. In consequence, the embodiment realizes the polar-
ization-modulating element capable of transforming the inci-
dent light in the linearly polarized state having the direction of
polarization virtually along a single direction, into light in the
azimuthal polarization state having the direction of polariza-
tion virtually along the circumferential direction, while sup-
pressing the loss of light quantity. Particularly, since the
polarization-modulating element is made of the optical mate-
rial with optical activity, the invention has the advantage that
the polarization-modulating element is extremely easy to pro-
duce, for example, as compared with wave plates.

Therefore, since the illumination optical apparatus of the
embodiment uses the polarization-modulating element
capable of transforming the incident light in the linearly
polarized state having the direction of polarization virtually
along a single direction, into the light in the azimuthal polar-
ization state having the direction of polarization virtually
along the circumferential direction, it is able to form an illu-
mination pupil distribution of an annular shape in the azi-
muthal polarization state while well suppressing the loss of
light quantity. Since the exposure apparatus and exposure
method of the embodiment use the illumination optical appa-
ratus capable of forming the illumination pupil distribution of
the annular shape in the azimuthal polarization state while
well suppressing the loss of light quantity, they are able to
transcribe a fine pattern under an appropriate illumination
condition faithfully and with high throughput and, eventually,
to produce good devices with high throughput.

The embodiment will be more fully understood from the
detailed description given hereinbelow and the accompany-
ing drawings, which are given by way of illustration only and
are not to be considered as limiting the embodiment.

Further scope of applicability of the embodiment will
become apparent from the detailed description given herein-
after. However, it should be understood that the detailed
description and specific examples, while indicating preferred
embodiments of the invention, are given by way of illustration
only, since various changes and modifications within the
spirit and scope of the invention will be apparent to those
skilled in the art from this detailed description.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an illustration schematically showing a configu-
ration of an exposure apparatus according to an embodiment
of the present invention.

FIG. 2 is an illustration to illustrate the action of a conical
axicon system on a secondary light source of an annular
shape.

FIG. 3 is an illustration to illustrate the action of a zoom
lens on a secondary light source of an annular shape.

FIG. 4 is a perspective view schematically showing an
internal configuration of a polarization monitor in FIG. 1.

FIG. 5 is an illustration schematically showing a configu-
ration of a polarization-modulating element in FIG. 1.

FIG. 6 is an illustration to illustrate the optical activity of
crystalline quartz.

FIG. 7 is an illustration schematically showing a secondary
light source of an annular shape set in a azimuthal polariza-
tion state by the action of the polarization-modulating ele-
ment.

FIG. 8 is an illustration schematically showing a secondary
light source of an annular shape set in a radially polarized
state by the action of the polarization-modulating element.

FIG. 9 is an illustration showing a modification example in
which a plurality of polarization-modulating elements are
arranged in a replaceable state.

FIG. 10 is an illustration showing plural types of polariza-
tion-modulating elements 10a-10¢ mounted on a turret 10T
as a replacing mechanism in FIG. 9.

FIGS. 11A,11B,11C, 11D and 11E are illustrations show-
ing respective configurations of plural types of polarization-
modulating elements 10a-10e, respectively.

FIGS. 12A, 12B and 12C are illustrations schematically
showing examples of the secondary light source set in the
azimuthal polarization state by the action of the polarization-
modulating element, respectively.

FIG. 13 is an illustration schematically showing a configu-
ration of polarization-modulating element 10f arranged rotat-
able around the optical axis AX.

FIGS. 14A, 14B and 14C are illustrations schematically
showing examples of the secondary light source set in the
azimuthal polarization state by the action of polarization-
modulating element 10f; respectively.

FIGS. 15A, 15B and 15C are illustrations schematically
showing examples of the secondary light source obtained
when the polarization-modulating element composed of
elementary elements of a sector shape is arranged rotatable
around the optical axis AX, respectively.

FIG. 16 is an illustration showing an example in which the
polarization-modulating element is located at a position
immediately before conical axicon system 8 (or at a position
near the entrance side), among locations near the pupil of the
illumination optical apparatus.

FIG. 17 is an illustration for explaining Conditions (1) and
(2) to be satisfied in the modification example shown in FIG.
16.

FIG. 18 is an illustration showing an example in which the
polarization-modulating element is located near the pupil
position of imaging optical system 15, among locations near
the pupil of the illumination optical apparatus.

FIG. 19 is an illustration showing a schematic configura-
tion of wafer surface polarization monitor 90 for detecting a
polarization state and light intensity of light illuminating a
wafer W.

FIG. 20 is an illustration showing a secondary light source
31 of an annular shape obtained when a quartered polariza-
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tion-modulating element 10fis used to implement quartered,
circumferentially polarized annular illumination.

FIG. 21 is a flowchart of a procedure of producing semi-
conductor devices as microdevices.

FIG. 22 is a flowchart of a procedure of producing a liquid
crystal display element as a microdevice.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Embodiments of the present invention will be described
based on the accompanying drawings.

FIG. 1 is an illustration schematically showing a configu-
ration of an exposure apparatus according to an embodiment
of'the present invention. In FIG. 1, the Z-axis is defined along
a direction of a normal to a wafer W being a photosensitive
substrate, the Y-axis along a direction parallel to the plane of
FIG. 1 in the plane of the wafer W, and the X-axis along a
direction of a normal to the plane of FIG. 1 in the plane of
wafer W. With reference to FIG. 1, the exposure apparatus of
the present embodiment is provided with a light source 1 for
supplying exposure radiation (light) [(illumination light)].

The light source 1 can be, for example, a KrF excimer laser
light source for supplying light with the wavelength of 248
nm, an ArF excimer laser light source for supplying light with
the wavelength of 193 nm, or the like. A nearly parallel beam
emitted along the Z-direction from the light source 1 has a
cross section of a rectangular shape elongated along the X-di-
rection, and is incident to a beam expander 2 consisting of a
pair of lenses 2a and 25. The lenses 2a and 25 have a negative
refracting power and a positive refracting power, respectively,
in the plane of FIG. 1 (or in the YZ plane). Therefore, the
beam incident to the beam expander 2 is enlarged in the plane
of FIG. 1 and shaped into a beam having a cross section of a
predetermined rectangular shape.

The nearly parallel beam passing through the beam
expander 2 as a beam shaping optical system is deflected into
the Y-direction by a bending mirror 3, and then travels
through a quarter wave plate 4a, a half wave plate 456, a
depolarizer (depolarizing element) 4¢, and a diffractive opti-
cal element 5 for annular illumination to enter an afocal lens
6. Here the quarter wave plate 4a, half wave plate 45, and
depolarizer 4¢ constitute a polarization state converter 4, as
described later. The afocal lens 6 is an afocal system (afocal
optic) set so that the front focal position thereof approxi-
mately coincides with the position of the diffractive optical
element 5 and so that the rear focal position thereof approxi-
mately coincides with the position of a predetermined plane 7
indicated by a dashed line in the drawing.

In general, a diffractive optical element is constructed by
forming level differences with the pitch of approximately the
wavelength of exposure light (illumination light) in a sub-
strate and has the action of diffracting an incident beam at
desired angles. Specifically, the diffractive optical element 5
for annular illumination has the following function: when a
parallel beam having a rectangular cross section is incident
thereto, it forms a light intensity distribution of an annular
shape in its far field (or Fraunhofer diffraction region).

Therefore, the nearly parallel beam incident to the diffrac-
tive optical element 5 as a beam transforming element forms
a light intensity distribution of an annular shape on the pupil
plane of the afocal lens 6 and then emerges as anearly parallel
beam from the afocal lens 6. In an optical path between front
lens unit 6a and rear lens unit 65 of the afocal lens 6 there is
a conical axicon system 8 arranged on or near the pupil plane
thereof, and the detailed configuration and action thereof will
be described later. For easier description, the fundamental
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configuration and action will be described below, in disregard
of the action of the conical axicon system 8.

The beam through the afocal lens 6 travels through a zoom
lens 9 for variation of o-value and a polarization-modulating
element 10 and then enters a micro fly’s eye lens (or fly’s eye
lens) 11 as an optical integrator. The configuration and action
of the polarization-modulating element 10 will be described
later. The micro fly’s eye lens 11 is an optical element con-
sisting of'a number of micro lenses with a positive refracting
power arranged lengthwise and breadthwise and densely. In
general, a micro fly’s eye lens is constructed, for example, by
forming a micro lens group by etching of a plane-parallel
plate.

Here each micro lens forming the micro fly’s eye lens is
much smaller than each lens element forming a fly’s eye lens.
The micro fly’s eye lens is different from the fly’s eye lens
consisting of lens elements spaced from each other, in that a
number of micro lenses (micro refracting surfaces) are inte-
grally formed without being separated from each other. In the
sense that lens elements with a positive refracting power are
arranged lengthwise and breadthwise, however, the micro
fly’s eye lens is a wavefront splitting optical integrator of the
same type as the fly’s eye lens. Detailed explanation concern-
ing the micro fly’s eye lens capable of being used in the
present invention is disclosed, for example, in U.S. Pat. No.
6,913,373(B2) which is incorporated herein by reference in
its entirety.

The position of the predetermined plane 7 is arranged near
the front focal position of the zoom lens 9, and the entrance
surface of the micro fly’s eye lens 11 is arranged near the rear
focal position of the zoom lens 9. In other words, the zoom
lens 9 arranges the predetermined plane 7 and the entrance
surface of the micro fly’s eye lens 11 substantially in the
relation of Fourier transform and eventually arranges the
pupil plane of the afocal lens 6 and the entrance surface of the
micro fly’s eye lens 11 approximately optically conjugate
with each other.

Accordingly, for example, an illumination field of an annu-
lar shape centered around the optical axis AX is formed on the
entrance surface of the micro fly’s eye lens 11, as on the pupil
plane of the afocal lens 6. The entire shape of this annular
illumination field similarly varies depending upon the focal
length of the zoom lens 9. Each micro lens forming the micro
fly’s eye lens 11 has a rectangular cross section similar to a
shape of an illumination field to be formed on a mask M
(eventually, a shape of an exposure region to be formed on a
wafer W).

The beam incident to the micro fly’s eye lens 11 is two-
dimensionally split by a number of micro lenses to form on or
near the rear focal plane (eventually on the illumination pupil)
a secondary light source having much the same light intensity
distribution as the illumination field formed by the incident
beam, i.e., a secondary light source consisting of a substantial
surface illuminant of an annular shape centered around the
optical axis AX. Beams from the secondary light source
formed on or near the rear focal plane of the micro fly’s eye
lens 11 travel through beam splitter 12a and condenser optical
system 13 to superposedly illuminate a mask blind 14.

In this manner, an illumination field of a rectangular shape
according to the shape and focal length of each micro lens
forming the micro fly’s eye lens 11 is formed on the mask
blind 14 as an illumination field stop. The internal configu-
ration and action of polarization monitor 12 incorporating a
beam splitter 12a will be described later. Beams through a
rectangular aperture (light transmitting portion) of the mask
blind 14 are subject to light condensing action of imaging
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optical system 15 and thereafter superposedly illuminate the
mask M on which a predetermined pattern is formed.

Namely, the imaging optical system 15 forms an image of
the rectangular aperture of the mask blind 14 on the mask M.
A beam passing through the pattern of mask M travels
through a projection optical system PL to form an image of
the mask pattern on the wafer W being a photosensitive sub-
strate. In this manner, the pattern of the mask M is sequen-
tially printed in each exposure area on the wafer W through
full-wafer exposure or scan exposure with two-dimensional
drive control of the wafer W in the plane (XY plane) perpen-
dicular to the optical axis AX of the projection optical system
PL.

In the polarization state converter 4, the quarter wave plate
4a is arranged so that its crystallographic axis is rotatable
around the optical axis AX, and it transforms incident light of
elliptical polarization into light of linear polarization. The
half'wave plate 45 is arranged so that its crystallographic axis
is rotatable around the optical axis AX, and it changes the
plane of polarization of linearly polarized light incident
thereto. The depolarizer 4¢ is composed of a wedge-shaped
crystalline quartz prism and a wedge-shaped fused silica
prism having complementary shapes. The crystalline quartz
prism and the fused silica prism are constructed as an integral
prism assembly so as to be set into and away from the illumi-
nation optical path.

Where the light source 1 is the KrF excimer laser light
source or the ArF excimer laser light source, light emitted
from these light sources typically has the degree of polariza-
tion of 95% or more and light of almost linear polarization is
incident to the quarter wave plate 4a. However, if a right-
angle prism as a back-surface reflector is interposed in the
optical path between the light source 1 and the polarization
state converter 4, the linearly polarized light will be changed
into elliptically polarized light by virtue of total reflection in
the right-angle prism unless the plane of polarization of the
incident, linearly polarized light agrees with the P-polariza-
tion plane or S-polarization plane.

In the case of the polarization state converter 4, for
example, even if light of elliptical polarization is incident
thereto because of the total reflection in the right-angle prism,
light of linear polarization transformed by the action of the
quarter wave plate 4a will be incident to the half wave plate
4b. Where the crystallographic axis of the half wave plate 45
is set at an angle of 0° or 90° relative to the plane of polar-
ization of the incident, linearly polarized light, the light of
linear polarization incident to the half wave plate 45 will pass
as it is, without change in the plane of polarization.

Where the crystallographic axis of the half wave plate 45 is
set atan angle of 45° relative to the plane of polarization of the
incident, linearly polarized light, the light of linear polariza-
tion incident to the half wave plate 46 will be transformed into
light of linear polarization with change of polarization plane
of 90°. Furthermore, where the crystallographic axis of the
crystalline quartz prism in the depolarizer 4¢ is set at an angle
ot 45° relative to the polarization plane of the incident, lin-
early polarized light, the light of linear polarization incident
to the crystalline quartz prism will be transformed (or depo-
larized) into light in an unpolarized state.

The polarization state converter 4 is arranged as follows:
when the depolarizer 4¢ is positioned in the illumination
optical path, the crystallographic axis of the crystalline quartz
prism makes the angle of 45° relative to the polarization plane
of the incident, linearly polarized light. Incidentally, where
the crystallographic axis of the crystalline quartz prism is set
atthe angle of 0° or 90° relative to the polarization plane of the
incident, linearly polarized light, the light of linear polariza-
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tion incident to the crystalline quartz prism will pass as it is,
without change of the polarization plane. Where the crystal-
lographic axis of the half wave plate 45 is set at an angle of
22.5° relative to the polarization plane of incident, linearly
polarized light, the light of linear polarization incident to the
half wave plate 45 will be transformed into light in an unpo-
larized state including a linear polarization component
directly passing without change of the polarization plane and
a linear polarization component with the polarization plane
rotated by 90°.

The polarization state converter 4 is arranged so that light
of linear polarization is incident to the half wave plate 45, as
described above, and, for easier description hereinafter, it is
assumed that light of linear polarization having the direction
of'polarization (direction of the electric field) along the Z-axis
in FIG. 1 (hereinafter referred to as “Z-directionally polarized
light™) is incident to the half wave plate 45. When the depo-
larizer 4c¢ is positioned in the illumination optical path and
when the crystallographic axis of the half wave plate 45 is set
at the angle of 0° or 90° relative to the polarization plane
(direction of polarization) of the Z-directionally polarized
light incident thereto, the light of Z-directional polarization
incident to the half wave plate 45 passes as kept as Z-direc-
tionally polarized light without change of the polarization
plane and enters the crystalline quartz prism in the depolar-
izer 4c¢. Since the crystallographic axis of the crystalline
quartz prism is set at the angle of 45° relative to the polariza-
tion plane of the Z-directionally polarized light incident
thereto, the light of Z-directional polarization incident to the
crystalline quartz prism is transformed into light in an unpo-
larized state.

The light depolarized through the crystalline quartz prism
travels through the quartz prism as a compensator for com-
pensating the traveling direction of the light and is incident
into the diffractive optical element 5 while being in the depo-
larized state. On the other hand, if the crystallographic axis of
the half wave plate 454 is set at the angle of 45° relative to the
polarization plane of the Z-directionally polarized light inci-
dent thereto, the light of Z-directional polarization incident to
the half wave plate 46 will be rotated in the polarization plane
by 90° and transformed into light of linear polarization having
the polarization direction (direction of the electric field) along
the X-direction in FIG. 1 (hereinafter referred to as “X-direc-
tionally polarized light”) and the X-directionally polarized
light will be incident to the crystalline quartz prism in the
depolarizer 4¢. Since the crystallographic axis of the crystal-
line quartz prism is set at the angle of 45° relative to the
polarization plane of the incident, X-directionally polarized
light as well, the light of X-directional polarization incident to
the crystalline quartz prism is transformed into light in the
depolarized state, and the light travels through the quartz
prism to be incident in the depolarized state into the diffrac-
tive optical element 5.

In contrast, when the depolarizer 4c is set away from the
illumination optical path, if the crystallographic axis of the
half'wave plate 45 is set at the angle of 0° or 90° relative to the
polarization plane of the Z-directionally polarized light inci-
dent thereto, the light of Z-directional polarization incident to
the half wave plate 45 will pass as kept as Z-directionally
polarized light without change of the polarization plane, and
will be incident in the Z-directionally polarized state into the
diffractive optical element 5. If the crystallographic axis of
the half wave plate 454 is set at the angle of 45° relative to the
polarization plane of the Z-directionally polarized light inci-
dent thereto on the other hand, the light of Z-directional
polarization incident to the half wave plate 45 will be trans-
formed into light of X-directional polarization with the polar-
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ization plane rotated by 90°, and will be incident in the X-di-
rectionally polarized state into the diffractive optical element
5.

Inthe polarization state converter 4, as described above, the
light in the depolarized state can be made incident to the
diffractive optical element 5 when the depolarizer 4c is set
and positioned in the illumination optical path. When the
depolarizer 4c¢ is set away from the illumination optical path
and when the crystallographic axis of the half wave plate 45 is
set at the angle of 0° or 90° relative to the polarization plane
of the Z-directionally polarized light incident thereto, the
light in the Z-directionally polarized state can be made inci-
dent to the diffractive optical element 5. Furthermore, when
the depolarizer 4c is set away from the illumination optical
path and when the crystallographic axis of the half wave plate
45 is set at the angle of 45° relative to the polarization plane
of the Z-directionally polarized light incident thereto, the
light in the X-directionally polarized state can be made inci-
dent to the diffractive optical element 5.

In other words, the polarization state converter 4 is able to
switch the polarization state of the incident light into the
diffractive optical element 5 (therefore, the polarization state
of light to illuminate the mask M and wafer W) between the
linearly polarized state and the unpolarized state through the
action of the polarization state converter consisting of the
quarter wave plate 4a, half wave plate 45, and depolarizer 4c,
and, in the case of the linearly polarized state, it is able to
switch between mutually orthogonal polarization states (be-
tween the Z-directional polarization and the X-directional
polarization).

Furthermore, when the polarization state converter 4 is so
set that the half wave plate 45 and depolarizer 4¢ both are set
away from the illumination optical path and that the crystal-
lographic axis of the quarter wave plate 4a makes a predeter-
mined angle relative to the incident, elliptically polarized
light, light in a circularly polarized state can be made incident
to the diffractive optical element 5. In general, the polariza-
tion state of incident light to the diffractive optical element 5
can also be set in a linearly polarized state having a direction
of'polarization along an arbitrary direction by the action of the
half wave plate 45.

Next, the conical axicon system 8 is composed of a first
prism member 8a whose plane is kept toward the light source
and whose refracting surface of a concave conical shape is
kept toward the mask, and a second prism member 86 whose
plane is kept toward the mask and whose refracting surface of
aconvex conical shape is kept toward the light source, in order
from the light source side. The refracting surface of the con-
cave conical shape of the first prism member 8a and the
refracting surface of the convex conical shape of the second
prism member 85 are formed in a complementary manner so
as to be able to be brought into contact with each other. At
least one of the first prism member 8a and the second prism
member 85 is arranged movable along the optical axis AX, so
that the spacing can be varied between the refracting surface
of'the concave conical shape of the first prism member 84 and
the refracting surface of the convex conical shape of the
second prism member 85.

In a state in which the refracting surface of the concave
conical shape of the first prism member 8a and the refracting
surface of the convex conical shape of the second prism
member 85 are in contact with each other, the conical axicon
system 8 functions as a plane-parallel plate and has no effect
on the secondary light source of the annular shape formed.
However, when the refracting surface of the concave conical
shape of the first prism member 8a and the refracting surface
of the convex conical shape of the second prism member 85
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are spaced from each other, the conical axicon system 8
functions a so-called beam expander. Therefore, the angle of
the incident beam to the predetermined plane 7 varies accord-
ing to change in the spacing of the conical axicon system 8.

FIG. 2 is an illustration to illustrate the action of the conical
axicon system on the secondary light source of the annular
shape. With reference to FIG. 2, the secondary light source
30a of the minimum annular shape formed in a state where the
spacing of the conical axicon system 8 is zero and where the
focal length of the zoom lens 9 is set at the minimum (this
state will be referred to hereinafter as a “standard state™) is
changed into secondary light source 306 of an annular shape
with the outside diameter and inside diameter both enlarged
and without change in the width (half of the difference
between the inside diameter and the outside diameter: indi-
cated by arrows in the drawing) when the spacing of the
conical axicon system 8 is increased from zero to a predeter-
mined value. In other words, an annular ratio (inside diam-
eter/outside diameter) and size (outside diameter) both vary
through the action of the conical axicon system 8, without
change in the width of the secondary light source of the
annular shape.

FIG. 3 is an illustration to illustrate the action of the zoom
lens on the secondary light source of the annular shape. With
reference to FIG. 3, the secondary light source 30a of the
annular shape formed in the standard state is changed into
secondary light source 30c¢ of an annular shape whose entire
shape is similarly enlarged by increasing the focal length of
the zoom lens 9 from the minimum to a predetermined value.
In other words, the width and size (outside diameter) both
vary through the action of zoom lens 9, without change in the
annular ratio of the secondary light source of the annular
shape.

FIG. 4 is a perspective view schematically showing the
internal configuration of the polarization monitor shown in
FIG. 1. With reference to FIG. 4, the polarization monitor 12
is provided with a first beam splitter 12a¢ disposed in the
optical path between the micro fly’s eye lens 11 and the
condenser optical system 13. The first beam splitter 12a has,
for example, the form of a non-coated plane-parallel plate
made of quartz glass (i.e., raw glass), and has a function of
taking reflected light in a polarization state different from a
polarization state of incident light, out of the optical path.

The light taken out of the optical path by the first beam
splitter 12a is incident to a second beam splitter 125. The
second beam splitter 125 has, for example, the form of a
non-coated plane-parallel plate made of quartz glass as the
first beam splitter 12a does, and has a function of generating
reflected light in a polarization state different from the polar-
ization state of incident light. The polarization monitor is so
set that the P-polarized light for the first beam splitter 12a
becomes the S-polarized light for the second beam splitter
125 and that the S-polarized light for the first beam splitter
12a becomes the P-polarized light for the second beam split-
ter 125.

Light transmitted by the second beam splitter 1256 is
detected by first light intensity detector 12¢, while light
reflected by the second beam splitter 125 is detected by sec-
ond light intensity detector 12d. Outputs from the first light
intensity detector 12¢ and from the second light intensity
detector 124 are supplied each to a controller (not shown).
The controller drives the quarter wave plate 4qa, half wave
plate 45, and depolarizer 4¢ constituting the polarization state
converter 4, according to need.

As described above, the reflectance for the P-polarized
light and the reflectance for the S-polarized light are substan-
tially different in the first beam splitter 12a and in the second
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beam splitter 124. In the polarization monitor 12, therefore,
the reflected light from the first beam splitter 124 includes the
S-polarization component (i.e., the S-polarization component
for the first beam splitter 12a and P-polarization component
for the second beam splitter 1254), for example, which is
approximately 10% of the incident light to the first beam
splitter 12a, and the P-polarization component (i.e., the P-po-
larization component for the first beam splitter 12a and S-po-
larization component for the second beam splitter 125), for
example, which is approximately 1% of the incident light to
the first beam splitter 12a.

The reflected light from the second beam splitter 125
includes the P-polarization component (i.e., the P-polariza-
tion component for the first beam splitter 12a and S-polariza-
tion component for the second beam splitter 125), for
example, which is approximately 10% 1%=0.1% of the inci-
dent light to the first beam splitter 12a, and the S-polarization
component (i.e., the S-polarization component for the first
beam splitter 12a and P-polarization component for the sec-
ond beam splitter 125), for example, which is approximately
1% 10%=0.1% of the incident light to the first beam splitter
12a.

In the polarization monitor 12, as described above, the first
beam splitter 124 has the function of extracting the reflected
light in the polarization state different from the polarization
state of the incident light out of the optical path in accordance
with its reflection characteristic. As a result, though there is
slight influence of variation of polarization due to the polar-
ization characteristic of the second beam splitter 125, it is
feasible to detect the polarization state (degree of polariza-
tion) of the incident light to the first beam splitter 12a and,
therefore, the polarization state of the illumination light to the
mask M, based on the output from the first light intensity
detector 12¢ (information about the intensity of transmitted
light from the second beam splitter 125, i.e., information
about the intensity of light virtually in the same polarization
state as that of the reflected light from the first beam splitter
12a).

The polarization monitor 12 is so set that the P-polarized
light for the first beam splitter 12a becomes the S-polarized
light for the second beam splitter 126 and that the S-polarized
light for the first beam splitter 12a becomes the P-polarized
light for the second beam splitter 125. As aresult, it is feasible
to detect the light quantity (intensity) of the incident light to
the first beam splitter 12a and, therefore, the light quantity of
the illumination light to the mask M, with no substantial
effect of the change in the polarization state of the incident
light to the first beam splitter 124, based on the output from
the second light intensity detector 12d (information about the
intensity of light successively reflected by the first beam
splitter 12a and the second beam splitter 125).

In this manner, it is feasible to detect the polarization state
of the incident light to the first beam splitter 12¢ and, there-
fore, to determine whether the illumination light to the mask
M is in the desired unpolarized state, linearly polarized state,
or circularly polarized state, using the polarization monitor
12. When the controller determines that the illumination light
to the mask M (eventually, to the wafer W) is not in the desired
unpolarized state, linearly polarized state, or circularly polar-
ized state, based on the detection result of the polarization
monitor 12, it drives and adjusts the quarter wave plate 4a,
half wave plate 45, and depolarizer 4¢ constituting the polar-
ization state converter 4 so that the state of the illumination
light to the mask M can be adjusted into the desired unpolar-
ized state, linearly polarized state, or circularly polarized
state.
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Quadrupole illumination can be implemented by setting a
diffractive optical element for quadrupole illumination (not
shown) in the illumination optical path, instead of the diffrac-
tive optical element 5 for annular illumination. The diffractive
optical element for quadrupole illumination has such a func-
tion that when a parallel beam having a rectangular cross
section is incident thereto, it forms a light intensity distribu-
tion of a quadrupole shape in the far field thereof. Therefore,
the beam passing through the diffractive optical element for
quadrupole illumination forms an illumination field of a qua-
drupole shape consisting of four circular illumination fields
centered around the optical axis AX, for example, on the
entrance surface of the micro fly’s eye lens 11. As aresult, the
secondary light source of the same quadrupole shape as the
illumination field formed on the entrance surface is also
formed on or near the rear focal plane of the micro fly’s eye
lens 11.

In addition, ordinary circular illumination can be imple-
mented by setting a diffractive optical element for circular
illumination (not shown) in the illumination optical path,
instead of the diffractive optical element 5 for annular illumi-
nation. The diffractive optical element for circular illumina-
tion has such a function that when a parallel beam having a
rectangular cross section is incident thereto, it forms a light
intensity distribution of a circular shape in the far field. There-
fore, a beam passing through the diftractive optical element
for circular illumination forms a circular illumination field
centered around the optical axis AX, for example, on the
entrance surface of the micro fly’s eye lens 11. As aresult, the
secondary light source of the same circular shape as the
illumination field formed on the entrance surface is also
formed on or near the rear focal plane of the micro fly’s eye
lens 11.

Furthermore, a variety of multipole illuminations (dipole
illumination, octapole illumination, etc.) can be implemented
by setting other diffractive optical elements for multipole
illuminations (not shown), instead of the diffractive optical
element 5 for annular illumination. Likewise, modified illu-
minations in various forms can be implemented by setting
diffractive optical elements with appropriate characteristics
(not shown) in the illumination optical path, instead of the
diffractive optical element 5 for annular illumination.

FIG. 5 is an illustration schematically showing the configu-
ration of the polarization-modulating element shown in FIG.
1. FIG. 6 is an illustration to illustrate the optical activity of
crystalline quartz. FIG. 7 is an illustration schematically
showing the secondary light source of the annular shape set in
the azimuthal polarization state by the action of the polariza-
tion-modulating element. The polarization-modulating ele-
ment 10 according to the present embodiment is located
immediately before the micro fly’s eyelens 11, i.e., on or near
the pupil of the illumination optical apparatus (1 to PL).
Therefore, in the case of the annular illumination, the beam
having an approximately annular cross section centered
around the optical axis AX is incident to the polarization-
modulating element 10.

With reference to FIG. 5, the polarization-modulating ele-
ment 10 has an effective region of an annular shape centered
around the optical axis AX as a whole, and this effective
region of the annular shape is composed of eight elementary
elements of a sector shape as circumferentially equally
divided around the optical axis AX. Among these eight
elementary elements, a pair of elementary elements facing
each other with the optical axis AX in between have the same
characteristic. Namely, the eight elementary elements include
four types of elementary elements 10A-10D two each with
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different thicknesses (lengths in the direction of the optical
axis) along the direction of transmission of light (Y-direc-
tion).

Specifically, the thickness of the first elementary elements
10A is the largest, the thickness of the fourth elementary
elements 10D is the smallest, and the thickness of the second
elementary elements 10B is set larger than the thickness of the
third elementary elements 10C. As a result, one surface (e.g.,
the entrance surface) of the polarization-modulating element
10 is planar, while the other surface (e.g., the exit surface) is
uneven because of the differences among the thicknesses of
the elementary elements 10A-10D. It is also possible to form
the both surfaces (the entrance surface and exit surface) of the
polarization-modulating element 10 in an uneven shape.

In the present embodiment, each elementary element 10A-
10D is made of crystalline quartz as a crystalline material
being an optical material with optical activity, and the crys-
tallographic axis of each elementary element 10A-10D is set
to be approximately coincident with the optical axis AX, i.e.,
with the traveling direction of incident light. The optical
activity of crystalline quartz will be briefly described below
with reference to FIG. 6. With reference to FIG. 6, an optical
member 100 of a plane-parallel plate shape made of crystal-
line quartz and in a thickness d is arranged so that its crystal-
lographic axis coincides with the optical axis AX. Inthis case,
by virtue of the optical activity of the optical member 100,
linearly polarized light incident thereto emerges in a state in
which its-polarization direction is rotated by 6 around the
optical axis AX.

Atthis time, the rotation angle (angle of optical rotation) 6
of the polarization direction due to the optical activity of the
optical member 100 is represented by Eq (a) below, using the
thickness d of the optical member 100 and the rotatory power
p of crystalline quartz.

6=dp (a)

In general, the rotatory power p of crystalline quartz has
wavelength dependence (a property that the value of the opti-
cal rotatory power differs depending upon the wavelength of
light used: optical rotatory dispersion) and, specifically, it
tends to increase with decrease in the wavelength of light
used. According to the description on page 167 in “Applied
Optics I1,” the rotatory power p of crystalline quartz for light
having the wavelength of 250.3 nm is 153.9°/mm.

In the present embodiment, the first elementary elements
10A are designed in such a thickness dA that when linearly
polarized light having the polarization direction along the
Z-direction is incident thereto, they output light of linear
polarization having the polarization direction along a direc-
tion resulting from +180° rotation of the Z-direction around
the Y-axis, i.e., along the Z-direction. In this case, therefore,
the polarization direction of beams passing through a pair of
arc (bow shape) regions 31A formed by beams subject to the
optical rotating action of a pair of first elementary elements
10A, in the secondary light source 31 of the annular shape
shown in FIG. 7, is the Z-direction.

The second elementary elements 10B are designed in such
a thickness dB that when linearly polarized light having the
polarization direction along the Z-direction is incident
thereto, they output light of linear polarization having the
polarization direction along a direction resulting from +135°
rotation of the Z-direction around the Y-axis, i.e., along a
direction resulting from -45° rotation of the Z-direction
around the Y-axis. In this case, therefore, the polarization
direction of beams passing through a pair of arc (bow shape)
regions 31B formed by beams subject to the optical rotating
action of a pair of second elementary elements 10B, in the

10

15

20

25

30

35

40

45

50

55

60

65

14

secondary light source 31 of the annular shape shown in FIG.
7, 1s a direction obtained by rotating the Z-direction by -45°
around the Y-axis.

The third elementary elements 10C are designed in such a
thickness dC that when linearly polarized light having the
polarization direction along the Z-direction is incident
thereto, they output light of linear polarization having the
polarization direction along a direction resulting from +90°
rotation of the Z-direction around the Y-axis, i.e., along the
X-direction. In this case, therefore, the polarization direction
of beams passing through a pair of arc (bow shape) regions
31C formed by beams subject to the optical rotating action of
a pair of third elementary elements 10C, in the secondary
light source 31 of the annular shape shown in FIG. 7, is the
X-direction.

The fourth elementary elements 10D are designed in such
a thickness dD that when linearly polarized light having the
polarization direction along the Z-direction is incident
thereto, they output light of linear polarization having the
polarization direction along a direction resulting from +45°
rotation of the Z-direction around the Y-axis. In this case,
therefore, the polarization direction of beams passing through
a pair of arc (bow shape) regions 31D formed by beams
subject to the optical rotating action of a pair of fourth
elementary elements 10D, in the secondary light source 31 of
the annular shape shown in FIG. 7, is a direction obtained by
rotating the Z-direction by +45° around the Y-axis.

The polarization-modulating element 10 can be con-
structed by combining the eight elementary elements pre-
pared separately, or the polarization-modulating element 10
can also be constructed by forming the required uneven shape
(level differences) in a crystalline quartz substrate of a plane-
parallel plate shape. For allowing the ordinary circular illu-
mination with the polarization-modulating element 10 being
kept in the optical path, the polarization-modulating element
10 is provided with a central region 10E of a circular shape in
the size not less than %10, preferably, not less than ¥4 of the
radial size of the effective region of the polarization-modu-
lating element 10 and without optical activity. The central
region 10E may be made of an optical material without opti-
cal activity, for example, like quartz, or may be simply a
circular aperture. It is, however, noted that the central region
10E is not an essential element for the polarization-modulat-
ing element 10. The size of the central region 10E determines
the boundary between the region in the azimuthal polariza-
tion state and the other region.

In the present embodiment, on the occasion of the circum-
ferentially polarized annular illumination (modified illumi-
nation in which beams passing through the secondary light
source of the annular shape are set in the azimuthal polariza-
tion state), the linearly polarized light having the polarization
direction along the Z-direction is made incident to the polar-
ization-modulating element 10. As a result, as shown in FIG.
7, the secondary light source of the annular shape (illumina-
tion pupil distribution of annular shape) 31 is formed on or
near the rear focal plane of the micro fly’s eye lens 11, and
beams passing through this secondary light source 31 of the
annular shape are set in the azimuthal polarization state. In the
azimuthal polarization state, the beams passing through the
respective arc (bow shape) regions 31A-31D constituting the
secondary light source 31 of the annular shape turn into a
linearly polarized state having the polarization direction
approximately coincident with a tangential direction to a
circle centered around the optical axis AX, at the central
position along the circumferential direction of each arc region
31A-31D.
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In this manner, the present embodiment, different from the
conventional technology giving rise to the large loss of light
quantity at the aperture stop, is able to form the secondary
light source 31 of the annular shape in the azimuthal polar-
ization state, with no substantial loss of light quantity,
through the optical rotating action of the polarization-modu-
lating element 10. In other words, the illumination optical
apparatus of the present embodiment is able to form the
illumination pupil distribution of the annular shape in the
azimuthal polarization state while well suppressing the loss
of light quantity. Furthermore, since the present embodiment
uses the polarizing action of the optical elements, it has the
excellent effect that the polarization-modulating element
itself is extremely easy to produce and, typically, the thick-
ness tolerance of each elementary element can be set to be
extremely loose.

In the circumferentially polarized annular illumination
based on the illumination pupil distribution of the annular
shape in the azimuthal polarization state, the light illuminat-
ing the wafer W as a last surface to be illuminated is in a
polarized state in which the principal component is S-polar-
ized light. Here the S-polarized light is linearly polarized light
having the polarization direction along a direction normal to
the plane of incidence (i.e., polarized light with the electric
vector oscillating in the direction normal to the plane of
incidence). The plane of incidence is defined as follows: when
light arrives at a boundary surface of a medium (surface to be
illuminated: surface of wafer W), the plane of incidence is a
plane including a normal to the boundary surface at that point
and the direction of incidence of light.

Consequently, the circumferentially polarized annular illu-
mination realizes an improvement in the optical performance
(depth of focus and the like) of the projection optical system
and enables formation of a mask pattern image with high
contrast on the wafer (photosensitive substrate). Namely,
since the exposure apparatus of the present embodiment uses
the illumination optical apparatus capable of forming the
illumination pupil distribution of the annular shape in the
azimuthal polarization state while well suppressing the loss
of light quantity, it is able to transcribe a fine pattern under an
appropriate illumination condition faithfully and with high
throughput.

Incidentally, the present embodiment enables radially
polarized annular illumination (modified illumination in
which beams passing through the secondary light source of
the annular shape are set in a radially polarized state) by
injecting linearly polarized light having the polarization
direction along the X-direction into the polarization-modu-
lating element 10 and thereby setting the beams passing
through the secondary light source 32 of the annular shape in
the radially polarized state as shown in FIG. 8. In the radially
polarized state, beams passing through the respective arc
(bow shape) regions 32A-32D constituting the secondary
light source 32 of the annular shape are in the linearly polar-
ized state having the polarization direction approximately
coincident with a radial direction of a circle centered around
the optical axis AX, at the central position along the circum-
ferential direction of each arc region 32A-32D.

In the radially polarized annular illumination based on the
illumination pupil distribution of the annular shape in the
radially polarized state, the light illuminating the wafer W as
a last surface to be illuminated is in a polarized state in which
the principal component is P-polarized light. The P-polarized
light herein is linearly polarized light having the polarization
direction along a direction parallel to the plane of incidence
defined as described above (i.e., polarized light with the elec-
tric vector oscillating in the direction parallel to the plane of
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incidence). In consequence, the radially polarized annular
illumination enables formation of a good mask pattern image
on the wafer (photosensitive substrate) while keeping the
reflectance of light low on the resist applied onto the wafer W.

The above-described embodiment realizes the circumfer-
entially polarized annular illumination and the radially polar-
ized annular illumination by switching the beam incident to
the polarization-modulating element 10 between the linearly
polarized state having the polarization direction along the
Z-direction and the linearly polarized state having the polar-
ization direction along the X-direction. However, without
having to be limited to this, it is also possible to realize the
circumferentially polarized annular illumination and the radi-
ally polarized annular illumination, for example, by switch-
ing the polarization-modulating element 10 between a first
state shown in FIG. 5 and a second state resulting from 90°
rotation around the optical axis AX, for the incident beam in
the linearly polarized state having the polarization direction
along the Z-direction or along the X-direction.

In the foregoing embodiment the polarization-modulating
element 10 is located immediately before the micro fly’s eye
lens 11. However, without having to be limited to this, the
polarization-modulating element 10 can also be located gen-
erally on or near the pupil of the illumination optical appara-
tus (1to PL), e.g., on or near the pupil of the projection optical
system PL, on or near the pupil of the imaging optical system
15, or immediately before the conical axicon system 8 (on or
near the pupil of afocal lens 6).

However, where the polarization-modulating element 10 is
located in the projection optical system PL or in the imaging
optical system 15, the required effective diameter (clear aper-
ture diameter) of the polarization-modulating element 10 is
prone to become large, and it is rather undesirable in view of
the current circumstances in which it is difficult to obtain a
large crystalline quartz substrate with high quality. When the
polarization-modulating element 10 is located immediately
before the conical axicon system 8, the required effective
diameter (clear aperture diameter) of the polarization-modu-
lating element 10 can be kept small. However, the distance is
long to the wafer W being the last surface to be illuminated,
and an element to change the polarization state like an anti-
reflection coat on a lens or a reflecting film on a mirror is
likely to be interposed in the optical path to the wafer. There-
fore, this arrangement is not so preferable. In passing, the
antireflection coat on the lens or the reflecting film on the
mirror is likely to cause the difference of reflectance depend-
ing upon the polarization states (P-polarization and S-polar-
ization) and angles of incidence and, in turn, to change the
polarization state of light.

In the foregoing embodiment, at least one surface of the
polarization-modulating element 10 (e.g., the exit surface) is
formed in the uneven shape and, therefore, the polarization-
modulating element 10 has a thickness profile discretely (dis-
continuously) varying in the circumferential direction. How-
ever, without having to be limited to this, at least one surface
of the polarization-modulating element 10 (e.g., the exit sur-
face) can also be formed in such a curved shape that the
polarization-modulating element 10 has a thickness profile
virtually discontinuously varying in the circumferential
direction.

In the foregoing embodiment the polarization-modulating
element 10 is composed of the eight elementary elements of
the sector shape corresponding to the division of the effective
region of the annular shape into eight segments. However,
without having to be limited to this, the polarization-modu-
lating element 10 can also be composed, for example, of eight
elementary elements of a sector shape corresponding to divi-
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sion of the effective region of a circular shape into eight
segments, or of four elementary elements of a sector shape
corresponding to division of the effective region of a circular
shape or annular shape into four segments, or of sixteen
elementary elements of a sector shape corresponding to divi-
sion of the effective region of a circular shape or annular
shape into sixteen segments. Namely, a variety of modifica-
tion examples can be contemplated as to the shape of the
effective region of the polarization-modulating element 10,
the number of segments in the division of the effective region
(the number of elementary elements), and so on.

In the foregoing embodiment each clementary element
10A-10D (therefore, the polarization-modulating element
10) is made of crystalline quartz. However, without having to
be limited to this, each elementary element can also be made
of another appropriate optical material with optical activity.
In this case, it is preferable to use an optical material with an
optical rotatory power of not less than 100°/mm for light of a
wavelength used. Namely, use of an optical material with a
small optical rotatory power is undesirable because the thick-
ness necessary for obtaining the required rotation angle of the
polarization direction becomes too large, so as to cause a loss
of light quantity.

In the foregoing embodiment the polarization-modulating
element 10 is fixedly provided in the illumination optical
path, but the polarization-modulating element 10 may be
arranged to be set into and away from the illumination optical
path. The above embodiment showed the example as a com-
bination of the annular illumination with the S-polarized light
for the wafer W, but it is also possible to combine the S-po-
larized light for the wafer W with multipole illumination,
such as dipole or quadrupole illumination, and with circular
illumination. In the foregoing embodiment the illumination
conditions for the mask M and the imaging conditions (nu-
merical aperture, aberrations, etc.) for the wafer W can be
automatically set, for example, according to the type of the
pattern on the mask M or the like.

FIG. 9 shows a modification example in which a plurality
of polarization-modulating elements are arranged in a
replaceable state. The modification example of FIG. 9 has a
configuration similar to the embodiment shown in FIG. 1, but
it is different in that it has a turret 10T enabling replacement
of the plurality of polarization-modulating elements.

FIG. 10 is an illustration showing plural types of polariza-
tion-modulating elements 10a-10e mounted on the turret 10T
as a replacing mechanism in FIG. 9. In this modification
example, as shown in FIGS. 9 and 10, the plural types of
polarization-modulating elements 10a-10e are provided on
the turret 10T rotatable around an axis along a direction
parallel to the optical axis AX, and these plural types of
polarization-modulating elements 10a-10e are arranged
replaceable by rotation operation of the turret 10T. FIG. 9
depicts only the polarization-modulating elements 10a, 105
out of the plural types of polarization-modulating elements
10a-10e. The replacing mechanism for the polarization-
modulating elements is not limited to the turret 10T, but may
be, for example, a slider.

FIGS. 11A-11E are illustrations showing respective con-
figurations of the plural types of polarization-modulating ele-
ments 10a-10e. In FIG. 11A, the first polarization-modulat-
ing element 10a has the same configuration as the
polarization-modulating element 10 of the embodiment
shown in FIG. 5. In FIG. 11B, the second polarization-modu-
lating element 105 has a configuration similar to the polar-
ization-modulating element 10a shown in FIG. 11A, but is
different in that it is provided with a depolarizing member
104c in central region 10E. This depolarizing member 104¢
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has a configuration similar to the depolarizer 4c¢ shown in
FIG. 1, and has a function of transforming incident light of
linear polarization into light in a depolarized state.

In FIG. 11C, the third polarization-modulating element
10c has a configuration similar to the polarization-modulat-
ing element 10a shown in FIG. 11 A, but is different in that the
size of the central region 10E is larger (i.e., in that the width
of the first to fourth elementary elements 10A-10D is
smaller). In FIG. 11D, the fourth polarization-modulating
element 104 has a configuration similar to the polarization-
modulating element 10¢ shown in FIG. 11C, but s different in
that a depolarizing member 104c¢ is provided in the central
region 10E.

In FIG. 11E, the fifth polarization-modulating element 10e
is constructed by combining six elementary elements 10C,
10F, 10G, different from the eight elementary elements. The
fifth polarization-modulating element 10e has the effective
region of an annular shape centered around the optical axis
AX as a whole, and this effective region of the annular shape
is composed of six elementary elements 10C, 10F, 10G of a
sector shape as equally divided in the circumferential direc-
tion around the optical axis AX. Among these six elementary
elements 10C, 10F, 10G, a pair of elementary elements facing
each other with the optical axis AX in between have the same
characteristic. Namely, the six elementary elements 10C,
10F, 10G include three types of elementary elements 10C,
10F, 10G with mutually different thicknesses (lengths in the
direction of the optical axis) along the direction of transmis-
sion of light (the Y-direction) two each.

The elementary elements 10C are members having the
same function as the third elementary elements 10C shown in
FIG. 7, and thus the description of the function thereof is
omitted herein. The elementary elements 10F are designed in
such a thickness dF that when linearly polarized light having
the polarization direction along the Z-direction is incident
thereto, they output light of linear polarization having the
polarization direction along a direction resulting from +150°
rotation of the Z-direction around the Y-axis, i.e., along a
direction resulting from -30° rotation of the Z-direction
around the Y-axis. The elementary elements 10G are designed
in such a thickness dG that when linearly polarized light
having the polarization direction along the Z-direction is
incident thereto, they output light of linear polarization hav-
ing the polarization direction along a direction resulting from
+30° rotation of the Z-direction around the Y-axis. A depo-
larizing member 104¢ may be provided in place of the central
region 10E.

Referring again to FIG. 10, the turret 10T is provided with
an opening 40 without any polarization-modulating element,
and this opening 40 is located in the illumination optical path
in a case where another polarized illumination is imple-
mented different from the circumferentially polarized illumi-
nation, or in a case where unpolarized illumination is imple-
mented under a large o-value (o value=numerical aperture on
the mask side of the illumination optical apparatus/numerical
aperture on the mask side of the projection optical system).

The above described only the examples wherein the central
region 10E made of the circular opening or the material
without optical activity, or the depolarizing member 104¢ was
provided in the central region of the polarization-modulating
elements 10a-10e mounted on the turret 10T, but it is also
possible to mount polarization-modulating elements without
central region 10E nor depolarizing member 104c¢ (i.e., polar-
ization-modulating elements consisting of elementary ele-
ments of a sector shape).

FIGS. 12A-12C are illustrations schematically showing
examples of the secondary light source set in the azimuthal
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polarization state by the action of the polarization-modulat-
ing element. In FIGS. 12A-12C, the polarization-modulating
element is also illustrated in a superimposed manner in order
to facilitate understanding.

FIG. 12A shows the secondary light source 33 of an octa-
pole shape in a case where a diffractive optical element (beam
transforming element) for forming a light intensity distribu-
tion of an octapole shape in the far field (or Fraunhofer dif-
fraction region) is located in the illumination optical path,
instead of the diffractive optical element 5, and where the
polarization-modulating element 10a or 104 is located in the
illumination optical path. Beams passing through the second-
ary light source 33 of the octapole shape are set in the azi-
muthal polarization state. In the azimuthal polarization state,
the beams passing through the respective eight circular
regions 33A-33D constituting the secondary light source 33
of'the octapole shape are in the linearly polarized state having
the polarization direction approximately coincident with a
circumferential direction of a circle connecting these eight
circular regions 33A-33D, i.e., with a tangential direction to
the circle connecting these eight circular regions 33A-33D.
FIG. 12A shows the example wherein the secondary light
source 33 of the octapole shape is composed of the eight
circularregions 33A-33D, but the shape of the eight regions is
not limited to the circular shape.

FIG. 12B shows the secondary light source 34 of a quadru-
pole shape in a case where a diffractive optical element (beam
transforming element) for forming a light intensity distribu-
tion of a quadrupole shape in the far field (or Fraunhofer
diffraction region) is located in the illumination optical path,
instead of the diffractive optical element 5, and where the
polarization-modulating element 10c¢ or 104 is located in the
illumination optical path. Beams passing through the second-
ary light source 34 of the quadrupole shape are set in the
azimuthal polarization state. In the azimuthal polarization
state, the beams passing through the respective four regions
34A, 34C constituting the secondary light source 34 of the
quadrupole shape are in the linearly polarized state having the
polarization direction approximately coincident with a cir-
cumferential direction of a circle connecting these four
regions 34 A, 34C, i.e., with a tangential direction to the circle
connecting these four regions 34A, 34C. FI1G. 12B shows the
example wherein the secondary light source 34 of the qua-
drupole shape is composed of four regions 34A, 34C of an
almost elliptical shape, but the shape of the four regions is not
limited to the almost elliptical shape.

FIG. 12C shows the secondary light source 35 of a hexa-
pole shape in a case where a diffractive optical element (beam
transforming element) for forming a light intensity distribu-
tion of a hexapole shape in the far field (or Fraunhofer dif-
fraction region) is located in the illumination optical path,
instead of the diffractive optical element 5, and where the
polarization-modulating element 10e is located in the illumi-
nation optical path. Beams passing through the secondary
light source 35 of the hexapole shape are set in the azimuthal
polarization state. In the azimuthal polarization state, the
beams passing through the respective six regions 35C, 35F,
35G constituting the secondary light source 35 of the hexa-
pole shape are in the linearly polarized state having the polar-
ization direction approximately coincident with a circumfer-
ential direction of a circle connecting these six regions 35C,
35F, 35G, i.e., with a tangential direction to the circle con-
necting these six regions 35C, 35F, 35G. FIG. 12C shows the
example wherein the secondary light source 35 of the hexa-
pole shape is composed of the four regions 35C, 35F, 35G of
an almost trapezoidal shape, but the shape ofthe six regions is
not limited to the almost trapezoidal shape.
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The foregoing embodiment and modification example
showed the polarization-modulating elements fixed around
the optical axis thereof, but the polarization-modulating ele-
ment may be arranged rotatable around the optical axis. FIG.
13 is an illustration schematically showing a configuration of
polarization-modulating element 10f arranged rotatable
around the optical axis AX.

In FIG. 13, the polarization-modulating element 10f is
composed of acombination of four elementary elements 10A,
10C. The polarization-modulating element 10f'has the effec-
tive region of an annular shape centered around the optical
axis AX as a whole, and this effective region of the annular
shape is composed of four elementary elements 10A, 10C of
a sector shape as equally divided in the circumferential direc-
tion around the optical axis AX. Among these four elementary
elements 10A, 10C, a pair of elementary elements facing each
other with the optical axis AX in between have the same
characteristic. Namely, the four elementary elements 10A,
10C include two types of elementary elements 10A, 10C two
each with mutually different thicknesses (lengths in the direc-
tion of the optical axis) along the direction of transmission of
light (the Y-direction).

The elementary elements 10A are members having the
same function as the first elementary elements 10A shown in
FIG. 7, and the elementary elements 10C members having the
same function as the third elementary elements 10C shown in
FIG. 7. Therefore, the description of the functions is omitted
herein. A depolarizing member 104¢ may be provided in
place of the central region 10E.

This-polarization-modulating element 10f is arranged to
be rotatable around the optical axis AX and, for example, is
rotatable by +45° or —45° around the optical axis AX. FIGS.
14A-14C are illustrations schematically showing examples
of'the secondary light source set in the azimuthal polarization
state by the action of the polarization-modulating element
107 In FIGS. 14A-14C, the polarization-modulating element
10fis also illustrated in a superimposed manner in order to
facilitate understanding.

FIG. 14A shows the secondary light source 36 (36A) of a
dipole shape in a case where a diffractive optical element
(beam transforming element) for forming a light intensity
distribution of a dipole shape in the far field (or Fraunhofer
diffraction region) is set in the illumination optical path,
instead of the diftractive optical element 5, and where the
polarization-modulating element 10f'is located in a state at
the rotation angle of 0° (standard state) in the illumination
optical path. In this case, beams passing through the second-
ary light source 36 (36A) of the dipole shape are set in a
vertically polarized state.

FIG. 14B shows the secondary light source 37 of a quadru-
pole shape in a case where a diffractive optical element (beam
transforming element) for forming a light intensity distribu-
tion of a quadrupole shape in the far field (or Fraunhofer
diffraction region) is located in the illumination optical path,
instead of the diftractive optical element 5, and where the
polarization-modulating element 10f'is located in the state at
the rotation angle of 0° (standard state) in the illumination
optical path. In this case, beams passing through the second-
ary light source 37 of the quadrupole shape are set in the
azimuthal polarization state. The light intensity distribution
of the quadrupole shape in FIG. 14B is localized in the ver-
tical direction (Z-direction) and in the horizontal direction
(X-direction) in the plane of the drawing.

In the azimuthal polarization state, beams passing through
the respective four circular regions 37A, 37C constituting the
secondary light source 37 of the quadrupole shape are in the
linearly polarized state having the polarization direction
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along a circumferential direction of a circle connecting these
four circular regions 37A, 37C, i.e., with a tangential direc-
tion to the circle connecting these four circular regions 37A,
37C. FIG. 14B shows the example in which the secondary
light source 37 of the quadrupole shape is composed of the
four circular regions 37A, 37C, but the shape of the four
regions is not limited to the circular shape.

FIG. 14C shows the secondary light source 38 of a quadru-
pole shape in a case where a diffractive optical element (beam
transforming element) for forming a light intensity distribu-
tion of a quadrupole shape localized in the direction of +45°
(-135°) in the plane of the drawing and in the direction of
-45° (+135°) in the plane of the drawing in the far field (or
Fraunhofer diffraction region) is located in the illumination
optical path, instead of the diffractive optical element shown
in FIG. 14B, and where the polarization-modulating element
10f7is set in a rotated state at the rotation angle of +45° (i.e., in
a state in which it is rotated by 45° clockwise relative to the
standard state) in the illumination optical path.

In FIG. 14C, the half wave plate 45 in the polarization state
converter 4 is rotated around the optical axis, whereby the
linearly polarized light having the polarization direction
along the direction of +45° (the direction of —135°) is made
incident to the polarization-modulating element 10f. The
elementary elements 10A have the function of rotating the
polarization direction of the incident, linearly polarized light
by 180°+n 180° (n is an integer), and the elementary elements
10C have the function of rotating the polarization direction of
the incident, linearly polarized light by 90°+n 180° (n is an
integer). Therefore, beams passing through the secondary
light source 38 of the quadrupole shape are set in the azi-
muthal polarization state.

In the azimuthal polarization state shown in FIG. 14C,
beams passing through the respective four circular regions
38B, 38D constituting the secondary light source 38 of the
quadrupole shape are in the linearly polarized state having the
polarization direction along a circumferential direction of a
circle connecting these four circular regions 38B, 38D, i.e.,
with a tangential direction to the circle connecting these four
circular regions 38B, 38D. FIG. 14C shows the example in
which the secondary light source 38 of the quadrupole shape
is composed of the four circular regions 38B, 38D, but the
shape of the four regions is not limited to the circular shape.

Through the changing operation of the polarization direc-
tion by the polarization state converter 4 and the rotation
operation of the polarization-modulating element 10f, as
described above, the azimuthal polarization state can be real-
ized by the secondary light source of the quadrupole shape
localized in the +45° (-135°) direction and in the -45°
(+135°) direction, by the secondary light source of the qua-
drupole shape localized in the 0° (+180°) direction and in the
90° (270°) direction or in the vertical and horizontal direc-
tions, or by the secondary light source of the dipole shape
localized in the 0° (+180°) direction or in the 90° (270°)
direction, i.e., in the vertical or horizontal direction.

The polarization-modulating element composed of the
eight elementary elements of the sector shape as equally
divided in the circumferential direction around the optical
axis AX may be arranged rotatable around the optical axis
AX. For example, when the polarization-modulating element
composed of the eight divisional elementary elements (e.g.,
the polarization-modulating element 10q) is rotated by +45°
around the optical axis AX, as shown in FIG. 15A, the beams
passing through the respective eight circular regions 39A-
39D constituting the secondary light source 39 of the octapole
shape are in the linearly polarized state having the polariza-
tion direction resulting from -45° rotation relative to the
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circumferential direction of the circle connecting these eight
circular regions 39A-39D (i.e., relative to the tangential direc-
tion to the circle connecting these eight circular regions 39 A-
39D).

In a case, as shown in FIG. 15B, where the beams passing
through the respective eight circular regions constituting the
secondary light source of the octapole shape are elliptically
polarized light having the major axis along a direction result-
ing from +45° rotation relative to the circumferential direc-
tion of the circle connecting these eight circular regions (i.e.,
relative to the tangential direction to the circle connecting
these eight circular regions), an approximately azimuthal
polarization state can be achieved, as shown in FIG. 15C, by
rotating the polarization-modulating element (e.g., polariza-
tion-modulating element 10a) by +45° around the optical axis
AX as shown in FIG. 15A.

FIG. 16 shows an example in which the polarization-
modulating element is located at a position immediately
before the conical axicon system 8 (i.e., at a position near the
entrance side), among locations near the pupil of the illumi-
nation optical apparatus. In this example of FIG. 16, the zoom
action of the zoom lens system 9 results in changing the size
of the image of the central region 10E projected onto the
entrance surface of micro fly’s eye lens 11 and the size of the
images of the respective elementary elements 10A-10D pro-
jected onto the entrance surface of micro fly’s eyelens 11, and
the operation of the conical axicon system 8 results in chang-
ing the width in the radial direction around the optical axis AX
in the images of the respective elementary elements 10A-10D
projected onto the entrance surface of micro fly’s eye lens 11.

Therefore, in a case where the polarization-modulating
element having the central region 10E (or depolarizing mem-
ber 104c¢) is located nearer the light source than the optical
system with the zoom action (zoom lens 9) as in the modifi-
cation example shown in FIG. 16, the size of the central
region 10E can be determined with consideration to the fact
that the region occupied by the central region 10E is changed
with zooming of the zoom lens 9.

In a case where the polarization-modulating element hav-
ing the central region 10E (or depolarizing member 104¢) is
located nearer the light source than the optical system with the
action of changing the annular ratio (the conical axicon sys-
tem 8) as in the modification example shown in FIG. 16, the
apparatus is preferably configured to satisfy at least one of
Conditions (1) and (2) below, as shown in FIG. 17.

(10in+A4)/100ut<0.75 ®

0.4<(10in+A4)/100ut )

The above conditions follow the following notation:
10in: effective radius of central region 10E of polarization-
modulating element 10,

100ut: outside effective radius of polarization-modulating

element 10, and

AA: increase of the inside radius of the beam having passed

through the optical system with the action of changing
the annular ratio.

If Condition (1) is not met, the width of the region of the
annular shape transformed into the azimuthal polarization
state by the polarization-modulating element 10 will become
too small to achieve the circumferentially polarized illumi-
nation based on the secondary light source of the annular
shape or multipole shape at a small annular ratio; thus it is
undesirable. If Condition (2) is not met, the diameter of the
beam passing through the central region of the polarization-
modulating element 10 will become too small to achieve
small-o illumination without change in the polarization state,
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for example, unless the polarization-modulating element 10
is set off the illumination optical path; thus it is undesirable.

As shown in FIG. 18, the polarization-modulating element
may be located at a position nearer the mask than the micro
fly’s eye lens 11, among locations near the pupil of the illu-
mination optical apparatus; specifically, near the pupil posi-
tion of the imaging optical system 15 for projecting the image
of' mask blind 14 onto the mask. In the embodiments shown in
FIG. 16 and in FIG. 18, the plurality of polarization-modu-
lating elements may also be arranged replaceable as in the
embodiment in FIGS. 9 to 11.

In the above-described embodiments, if an optical system
(the illumination optical system or the projection optical sys-
tem) nearer the wafer W than the polarization-modulating
element 10 has-polarization aberration (retardation), the
polarization direction can vary by virtue of this-polarization
aberration. In this case, the direction of the plane of polariza-
tionrotated by the polarization-modulating element 10 can be
set in consideration of the influence of the polarization aber-
ration of these optical systems. In a case where a reflecting
member is located in the optical path on the wafer W side with
respect to the polarization-modulating element 10, a phase
difference can occur between polarization directions of light
reflected by this reflecting member. In this case, the direction
of'the plane of polarization rotated by the polarization-modu-
lating element 10 can be set in consideration of the phase
difference of the beam caused by the polarization character-
istic of the reflecting surface.

An embodiment of a technique of evaluating the polariza-
tion state will be described below. In the present embodiment,
the polarization state of the beam arriving at the wafer W as a
photosensitive substrate is detected using a wafer surface
polarization monitor 90 which can be attached to a side of a
wafer stage (substrate stage) holding the wafer W as a pho-
tosensitive substrate. The wafer surface polarization monitor
90 may be provided in the wafer stage or in a measurement
stage separate from the wafer stage.

FIG. 19 is an illustration showing a schematic configura-
tion of the wafer surface polarization monitor 90 for detecting
the polarization state and optical intensity of the light illumi-
nating the wafer W. As shown in FIG. 19, the wafer surface
polarization monitor 90 is provided with a pinhole member 91
which can be positioned at or near the position of the wafer W.
Light passing through a pinhole 91a in the pinhole member 91
travels through a collimating lens 92 located so that its front
focal position is at or near the position of the image plane of
the projection optical system PL, to become a nearly parallel
beam, and the beam is reflected by a reflector 93 to enter a
relay lens system 94. The nearly parallel beam passing
through the relay lens system 94 travels through a quarter
wave plate 95 as a phase shifter and through a polarization
beam splitter 96 as a polarizer, and then reaches a detection
surface 97a of two-dimensional CCD 97. The detection sur-
face 97a of two-dimensional CCD 97 is approximately opti-
cally conjugate with the exit pupil of the projection optical
system PL and is thus approximately optically conjugate with
the illumination pupil plane of the illumination optical appa-
ratus.

The quarter wave plate 95 is arranged rotatable around the
optical axis and a setting member 98 for setting the angle of
rotation around the optical axis is connected to this quarter
wave plate 95. In this configuration, when the degree of
polarization of the illumination light on the wafer W is not 0,
the light intensity distribution on the detection surface 97a of
two-dimensional CCD 97 varies with rotation of the quarter
wave plate 95 around the optical axis through the setting
member 98. Therefore, the wafer surface polarization moni-
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tor 90 is able to detect the change in the light intensity distri-
bution on the detection surface 97a with rotation of the quar-
ter wave plate 95 around the optical axis by means of the
setting member 98 and thereby to measure the polarization
state of the illumination light from the detection result by the
rotating compensator method.

The rotating compensator method is detailed, for example,
in Tsuruta, “Pencil of Light—Applied Optics for optical engi-
neers,” K. K. Shingijutsu Communications. In practice, the
polarization state of the illumination light is measured at a
plurality of positions on the wafer surface while the pinhole
member 90 (therefore, pinhole 90a) is two-dimensionally
moved along the wafer surface. At this time, the wafer surface
polarization monitor 90 detects a change of the light intensity
distribution on the two-dimensional detection surface 97a,
whereby it can measure a distribution of polarization states of
the illumination light in the pupil on the basis of the detected
distribution information.

The wafer surface polarization monitor 90 can also be
configured using a half wave plate instead of the quarter wave
plate 95 as a phase shifter. With use of any kind of phase
shifter, in order to measure the polarization state, i.e., the four
Stokes parameters, it is necessary to detect the change of the
light intensity distribution on the detection surface 97a in at
least four different states, by changing the relative angle
around the optical axis between the phase shifter and the
polarizer (polarization beam splitter 96) or by moving the
phase shifter or the polarizer away from the optical path. The
present embodiment is configured to rotate the quarter wave
plate 95 as a phase shifter around the optical axis, but the
polarization beam splitter 96 as a polarizer may be rotated
around the optical axis, or both of the phase shifter and the
polarizer may be rotated around the optical axis. Instead of
this operation, or in addition to this operation, one or both of
the quarter wave plate 95 as a phase shifter and the polariza-
tion beam splitter 96 as a polarizer may be moved into and
away from the optical path.

In the wafer surface polarization monitor 90, the polariza-
tion state of light can vary depending upon the polarization
characteristic of the reflector 93. In this case, since the polar-
ization characteristic of the reflector 93 is preliminarily
known, the polarization state of the illumination light can be
accurately measured by compensating the measurement
result of the wafer surface polarization monitor 90 on the
basis of the influence of the polarization characteristic of
reflector 93 on the polarization state by some calculation. In
other cases where the polarization state varies due to another
optical component such as a lens, as well as the reflector, the
polarization state of the illumination light can also be accu-
rately measured by compensating the measurement result in
the same manner.

The evaluation for the distribution of polarization states of
illumination light in the pupil will be specifically described
below. A degree of specific polarization DSP is first calcu-
lated for each of rays passing a point (or a microscopic area)
on the pupil and arriving at a point (microscopic area) on the
image plane. The XYZ coordinate system used in FIGS. 1,16,
and 18 will be used in the description hereinafter. The above-
described point (microscopic area) on the pupil corresponds
to a pixel in the two-dimensional CCD 97, and the point
(microscopic area) on the image plane to XY coordinates of
the pinhole 90a.

This degree of specific polarization DSP is represented by
the following equation:

DSP=(Ix-Iy)/(Ix+1y), 3)
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where Ix is the intensity of the component of X-directional
polarization (polarization with the direction of oscillation
along the X-direction on the pupil) in a specific ray passing a
point (or microscopic area) on the pupil and arriving at a point
(microscopic area) on the image plane, and Iy the intensity of
the component of Y-directional polarization (polarization
with the direction of oscillation along the Y-direction on the
pupil) in the specific ray. This degree of specific polarization
DSP is synonymous with horizontal linear polarization inten-
sity minus vertical linear polarization intensity S, over total
intensity S, (S,/Sy).

We can also define a right polarization rate RSP,, for hori-
zontal polarization (polarization to become S-polarization for
diffracted light by a mask pattern horizontally extending in
the pattern surface), and a right polarization rate RSP, for
vertical polarization (polarization to become S-polarization
for diffracted light by a mask pattern vertically extending in
the pattern surface) according to Eqs (4) and (5) below from
the intensity Ix of the component of X-directional polariza-
tion (polarization with the direction of oscillation along the
X-direction on the pupil) in the specific ray passing a point (or
microscopic area) on the pupil and arriving at a point (micro-
scopic area) on the image plane and the intensity Iy of the
component of Y-directional polarization (polarization with
the direction of oscillation along the Y-direction on the pupil)
in the specific ray.

RSP, =Ix/(Ix+Iy) 4

®

RSP, and RSP both are 50% in ideal unpolarized illumi-
nation, RSP, is 100% in ideal horizontal polarization, and
RSP, is 100% in ideal vertical polarization.

When a polarization degree V is defined by Egs (6)-(9)
below for each of rays passing a point (or microscopic area)
on the pupil and arriving at a point (microscopic area) on the
image plane, an average polarization degree V(Ave) can be
defined as Eq (10) below for a bundle of rays passing a
predetermined effective light source region and arriving at a
point (microscopic area) on the image plane.

RSP =Iy/(Ix+1ly)

V=(st+53+50" /s (6

=(SE s+

S1'=S/So ™

S,'=S5/So ®

S3'=S4/So ®

In the above equations, S, represents the total intensity, S,
horizontal linear polarization intensity minus vertical linear
polarization intensity, S, 45° linear polarization intensity
minus 135° linear polarization intensity, and S right-handed
circular polarization intensity minus left-handed circular
polarization intensity.

V{Ave)=2[So(x;.3:) VX y ) VESo(%:.35) (10)

InEq (10), Sy(x,,y,) represents the total intensity S, for rays
passing a point (or microscopic area) on a predetermined
effective light source region (x,,y,) and arriving at a point
(microscopic area) on the image plane, and V(x,,y,) the polar-
ization degree of a ray passing a point (or microscopic area)
on the predetermined effective light source region (x,,y,) and
arriving at a point (microscopic area) on the image plane.
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In addition, we can define an average specific polarization
rate RSP, (Ave) about horizontal polarization by Eq (11)
below and an average specific polarization rate RSP (Ave)
about vertical polarization by Eq (12), for a bundle of rays
passing the predetermined effective light source region and
arriving at a point (microscopic area) on the image plane.

RSPy(Ave) = Ix(Ave) [ (Ix + Iy)Ave
= Z[So(x;, yi) - RSPy(x;, )]/ ESo(x:, yi)

an

RSP, (Ave) = Iy(Ave)/ (Ix + Iy)Ave
= Z[So(xi, yi) - RSPy (x5, y1)1/ ZSo(x;, i)

(12

Ix(Ave) represents an average intensity of the component
of X-directional polarization (polarization with the direction
of oscillation along the X-direction on the pupil) in a bundle
of rays passing the predetermined effective light source
region (X,,y,) and arriving at a point (microscopic area) on the
image plane, Iy(Ave) an average intensity of the component
of Y-directional polarization (polarization with the direction
of oscillation along the Y-direction on the pupil) in the bundle
of rays passing the predetermined effective light source
region (X,,y,) and arriving at a point (microscopic area) on the
image plane, RSP, (x,,y,) a right polarization rate for horizon-
tal polarization of a ray passing a point (or microscopic area)
on the predetermined effective light source region (x,,y,) and
arriving at a point (microscopic area) on the image plane, and
RSP (x,,y,) a right polarization rate for vertical polarization
of a ray passing a point (or microscopic area) on the prede-
termined effective light source region (x,,y;) and arriving at a
point (microscopic area) on the image plane. In addition,
(Ix+ly)Ave is an average intensity of an entire beam passing
the predetermined effective light source region.

Here, RSP, (x,,y,) and RSP (x,,y,) both are 50% in ideal
unpolarized illumination, RSP, (x,,y,) is 100% in ideal hori-
zontal polarization, and RSP (x,,y,) is 100% in ideal vertical
polarization.

Then we can define an average specific polarization degree
DSP(AVE) as Eq (13) below, for a bundle of rays passing the
predetermined effective light source region (x,,y,) and arriv-
ing at a point (microscopic area) on the image plane.

DSP(Ave) = (Ix— Iy)Ave [ (Ix + Iy)Ave (13)

= Z[ix(x;, yi) = Iy(x, yo)l/ZUx(x, yi) +
Iy(x;, yil}
=Si(Ave)

= {ZS51/ZSo}

Here, (Ix-Iy)Ave represents an average of differences
between intensities of the X-directional polarization compo-
nent in a bundle of rays passing the predetermined effective
light source region (X,,y,) and arriving at a point (microscopic
area) on the image plane and intensities of the Y-directional
polarization component in the bundle of rays passing the
predetermined effective light source region (x,.y,) and arriv-
ing at a point (microscopic area) on the image plane, Ix(x,,y,)
the intensity of the X-directional polarization component in a
ray passing a point (or microscopic area) on the predeter-
mined effective light source region (X,,y,) and arriving at a
point (microscopic area) on the image plane, Iy(x,y,) the
intensity of the Y-directional polarization component in a ray
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passing a point (or microscopic area) on the predetermined
effective light source region (x,,y,) and arriving at a point
(microscopic area) on the image plane, and S,'(Ave) an aver-
age of the S,' component in the predetermined effective light
source region (X,,y,)-

In Eq (13), DSP(Ave) becomes 0 in ideal unpolarized illu-
mination, DSP(Ave) becomes 1 in ideal horizontal polariza-
tion, and DSP(Ave) becomes -1 in ideal vertical polarization.

Inthe illumination optical apparatus of the present embodi-
ment and, therefore, in the exposure apparatus, it can be
assumed that the interior of the predetermined effective light
source region is linear polarized light if the average specific
polarization rates RSP, (Ave), RSP (Ave) in the predeter-
mined effective light source region satisfy the following rela-
tions:

RSP, (Ave)>70%, and RSP, (Ave)>70%.

Where the average specific polarization rates RSP, (Ave),
RSP (Ave) fail to satisty the above conditions, the desired
linear polarization state with the plane of polarization in the
predetermined direction is not realized in the circumferen-
tially polarized annular illumination, the circumferentially
polarized quadrupole illumination, the circumferentially
polarized dipole illumination, and so on, and it is thus infea-
sible to achieve an improvement in the imaging performance
for a pattern with a thin line width having a specific pitch
direction.

For example, in a case where the quartered, circumferen-
tially polarized annular illumination is implemented by use of
the quartered polarization-modulating element 10/ shown in
FIG. 13, the secondary light source 31 of the annular shape is
divided into four segments, as shown in FIG. 20, and the
average specific polarization rates RSP, (Ave), RSP, (Ave) are
evaluated for each of the segmental regions 31A1, 31A2,
31C1, 31C2.

The exposure apparatus according to the foregoing
embodiment is able to produce microdevices (semiconductor
elements, image pickup elements, liquid crystal display ele-
ments, thin-film magnetic heads, etc.) by illuminating a mask
(reticle) by the illumination optical apparatus (illumination
step) and projecting a pattern for transcription formed on the
mask, onto a photosensitive substrate by use of the projection
optical system (exposure step). The following will describe
an example of a procedure of producing semiconductor
devices as microdevices by forming a predetermined circuit
pattern on a wafer or the like as a photosensitive substrate by
means of the exposure apparatus of the foregoing embodi-
ment, with reference to the flowchart of FIG. 9.

The first step 301 in FIG. 9 is to deposit a metal film on each
of'wafers in one lot. The next step 302 is to apply a photoresist
onto the metal film on each wafer in the lot. Thereafter, step
303 is to sequentially transcribe an image of a pattern on a
mask into each shot area on each wafer in the lot, through the
projection optical system by use of the exposure apparatus of
the foregoing embodiment. Subsequently, step 304 is to per-
form development of the photoresist on each wafer in the lot,
and step 305 thereafter is to perform etching with the resist
pattern as a mask on each wafer in the lot, thereby forming a
circuit pattern corresponding to the pattern on the mask, in
each shot area on each wafer. Thereafter, devices such as
semiconductor elements are produced through execution of
formation of circuit patterns in upper layers and others. The
semiconductor device production method as described above
permits us to produce the semiconductor devices with
extremely fine circuit patterns at high throughput.

The exposure apparatus of the foregoing embodiment can
also be applied to production of a liquid crystal display ele-
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ment as a microdevice in such a manner that predetermined
patterns (a circuit pattern, an electrode pattern, etc.) are
formed on a plate (glass substrate). An example of a proce-
dure of this production will be described below with reference
to the flowchart of FIG. 10. In FIG. 10, pattern forming step
401 is to execute a so-called photolithography-step of tran-
scribing a pattern on a mask onto a photosensitive substrate (a
glass substrate coated with a resist or the like) by use of the
exposure apparatus of the foregoing embodiment. In this
photolithography step, the predetermined patterns including
a number of electrodes and others are formed on the photo-
sensitive substrate. Thereafter, the exposed substrate is sub-
jected to steps such as a development step, an etching step, a
resist removing step, etc., to form the predetermined patterns
on the substrate, followed by next color filter forming step
402.

The next color filter forming step 402 is to form a color
filter in which a number of sets of three dots corresponding to
R (Red), G (Green), and B (Blue) are arrayed in a matrix, or
in which a plurality of sets of filters of three stripes of R, G,
and B are arrayed in the direction of horizontal scan lines.
After the color filter forming step 402, cell assembly step 403
is carried out. The cell assembly step 403 is to assemble a
liquid crystal panel (liquid crystal cell), using the substrate
with the predetermined patterns obtained in the pattern form-
ing step 401, the color filter obtained in the color filter form-
ing step 402, and so on.

In the cell assembly step 403, for example, a liquid crystal
is poured into the space between the substrate with the pre-
determined patterns obtained in the pattern forming step 401
and the color filter obtained in the color filter forming step 402
to produce the liquid crystal panel (liquid crystal cell). There-
after, module assembly step 404 is carried out to attach such
components as an electric circuit, a backlight, and so on for
implementing the display operation of the assembled liquid
crystal panel (liquid crystal cell), to complete the liquid crys-
tal display element. The production method of the liquid
crystal display element described above permits us to produce
the liquid crystal display elements with extremely fine circuit
patterns at high throughput.

The foregoing embodiment is arranged to use the KrF
excimer laser light (wavelength: 248 nm) or the ArF excimer
laser light (wavelength: 193 nm) as the exposure light, but,
without having to be limited to this, the present invention can
also be applied to other appropriate laser light sources, e.g., an
F, laser light source for supplying laser light of the wave-
length of 157 nm. Furthermore, the foregoing embodiment
described the present invention, using the exposure apparatus
with the illumination optical apparatus as an example, but it is
apparent that the present invention can be applied to ordinary
illumination optical apparatus for illuminating the surface to
be illuminated, except for the mask and wafer.

In the foregoing embodiment, it is also possible to apply
the so-called liquid immersion method, which is a technique
of filling a medium (typically, a liquid) with a refractive index
larger than 1.1 in the optical path between the projection
optical system and the photosensitive substrate. In this case,
the technique of filling the liquid in the optical path between
the projection optical system and the photosensitive substrate
can be selected from the technique of locally filling the liquid
as disclosed in PCT International Publication No. WO99/
49504, the technique of moving a stage holding a substrate as
an exposure target in a liquid bath as disclosed in Japanese
Patent Application Laid-Open No. 6-124873, the technique
of forming a liquid bath in a predetermined depth on a stage
and holding the substrate therein as disclosed in Japanese
Patent Application Laid-Open No. 10-303114, and so on.
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The liquid is preferably one that is transparent to the expo-
sure light, that has the refractive index as high as possible, and
that is stable against the projection optical system and the
photoresist applied to the surface of the substrate; for
example, where the exposure light is the KrF excimer laser
light or the ArF excimer laser light, pure water or deionized
water can be used as the liquid. Where the F, laser light is used
as the exposure light, the liquid can be a fluorinated liquid
capable of transmitting the F, laser light, e.g., fluorinated oil
or perfluoropolyether (PFPE).

From the invention thus described, it will be obvious that
the invention may be varied in many ways. Such variations are
not to be regarded as a departure from the spirit and scope of
the invention, and all such modifications as would be obvious
to one skilled in the art are intended for inclusion within the
scope of the following claims.

What is claimed is:

1. An illumination optical apparatus for illuminating a
surface to be illuminated, based on illumination radiation
supplied from a radiation source, comprising:

an optical integrator arranged in an optical path of the

illumination radiation;

apolarization modulating element, which is arranged in the

optical path of the illumination radiation, is made of an
optical material with optical activity, and has a circum-
ferentially varying thickness; and

an annular ratio changing optical system, arranged in an

optical path between the polarization modulating ele-
ment and the surface to be illuminated, that changes an
annular ratio of a secondary radiation source formed on
a pupil of the illumination optical apparatus,

wherein the illumination optical apparatus satisfies the fol-

lowing conditions:

(10in+AA4)/100ut<0.75;

0.4<(10in+A4)/100ut,
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where 10in is an effective radius of a central region of the

polarization-modulating element,

10out is an outside effective radius of the polarization-

modulating element, and

AA is an increase of an inside radius of a beam passing

through the annular ratio changing optical system.

2. The illumination optical apparatus according to claim 1,
wherein the annular ratio changing optical system comprises
an axicon system.

3. The illumination optical apparatus according to claim 2,
further comprising an illumination sigma-value changing
optical system.

4. An exposure apparatus comprising the illumination opti-
cal apparatus according to claim 1, wherein a predetermined
pattern is projected onto a photosensitive substrate through
the illumination optical apparatus.

5. A device manufacturing method comprising:

projecting a predetermined pattern onto a photosensitive

substrate, using the illumination optical apparatus
according to claim 1, and

developing the photosensitive substrate.

6. The illumination optical apparatus according to claim 1,
wherein the polarization modulating element has a central
region with no substantial optical activity.

7. The illumination optical apparatus according to claim 6,
further comprising a depolarizer arranged in the optical path
in the central region.

8. The illumination optical apparatus according to claim 1,
wherein the polarization modulating element is selectively
positioned in the optical path of the illumination radiation or
out of the optical path of the illumination radiation.

9. The illumination optical apparatus according to claim 8,
wherein the polarization modulating element is changeable to
another polarization modulating element.
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